The structures formed around fatigue cracks of aluminium were examined using a 500 kV electron microscope in order to confirm the previous results obtained by a 100 kV electron microscope and to find a clue to the elucidation of the mechanism of fatigue fracture involved.
The structures formed around fatigue cracks of aluminium were examined using a 500 kV electron microscope in order to confirm the previous results obtained by a 100 kV electron microscope and to find a clue to the elucidation of the mechanism of fatigue fracture involved.
There was a well-defined substructure around a fatigue crack. A large number of dislocation loops and dislocation dipoles were found near sub-boundaries. A strain-concentrating region where many voids existed was observed in the vicinity of the fatigue crack. These results are in good agreement with those obtained in previous work by use of the 100 kV electron microscope and are also consistent with the previous X-ray observations. There was direct evidence that propagation of fatigue cracks occurs through growing-up and joining-up processes of the voids formed in the strain-concentrating regions.
The mechanism of void formation due to the coalescence of vacancies is proposed on the basis of the present observations. The short-circuit diffusion along the sub-boundaries with the driving force caused by the stress gradient near the crack is suggested to explain the vacancy migration through the strain-concentrating regions.
(Received January 11, 1974) In the previous study (1) , microbeam X-ray observations on the substructure formed due to fatigue of aluminium have revealed the following facts. (1) Around a fatigue crack there exists a plastic zone in which a well-defined substructure is formed regardless of fatigue stress and crack length. (2) The plastic zone detected by X-ray microbeam technique is identical with the one proposed from macroscopic points of view. (3) Intimate relations exist between the propagation rate of fatigue crack and some structural parameters of the plastic zone.
The above X-ray results suggest a close relationship between substructure formation and fatigue crack propagation. However, they still fail to make clear an actual role of substructure in fatigue fracture. In order to elucidate the details of fatigue crack propagation it is important to examine the structures formed around fatigue cracks by transmission electron microscopy.
In transmission electron microscopy, thin foil specimens prepared by ordinary electropolishing are generally used. During the polishing, however, the region near a fatigue crack is preferentially attacked. Therefore, it is very difficult to examine the structure in the immediate vicinity of fatigue cracks. By performing fatigue experiments on thin foil specimens transparent to electron beams, the present authors have overcome the above difficulty. The results obtained by previous experiments (2)(3) can be summarized as follows. (1) There is a well-defined substructure around a fatigue crack in some fcc metals and alloys, regardless of their stacking fault energies.
(2) A strain-concentrating region, which is peculiar to fatigue is found to exist around the fatigue crack. (3) Fatigue cracks occasionally propagate along subboundaries in aluminium. These results are in qualitative agreement with those obtained by transmission electron microscopy using foil samples prepared from fatigued bulk specimens by elaborate but tedious techniques(4)~ (6) The structural observations mentioned above were made using 100 kV electron microscopes, with which only very thin (several thousands A in the case of aluminium) specimens can be examined. On the other hand, it is known that one cannot always observe the process which would occur in bulk specimens using thin foils. Therefore, in the present study a high voltage (500 kV) electron microscope was used to examine the specimens with the maximum thickness attainable. One of the points aimed at was to reaffirm the previous results (2)(3) obtained by electron microscopy on the structure developed around fatigue cracks of aluminium. The other was to examine the structures in more detail and to find a clue to the clarification of the mechanism of fatigue fracture involved.
Material used in the present experiments was polycrystalline aluminium of 99.99%, purity prepared by the same procedure as mentioned previously (1) .
Fatigue specimens shown in Fig. 1 portion transparent to electron beams were made on each specimen by jet polishing technique. Fatigue tests were carried out using a resonance type alternating bending apparatus (7) . The details of specimen preparation were already reported elsewhere (3) . Fatigue cracks formed in the thin portion were directly observed using a Shimadzu SMH-5 type electron microscope operating at 500 kV.
An example of subgrain structures formed near a fatigue crack is presented in Photo. 1. The presence of a well-defined substructure near the fatigue crack is shown in the photograph. The size of subgrains ranges with the ones obtained by a 100 kV electron microscope (2)(3) . A closer examination of the photograph shows that few dislocations except small dislocation loops exist within subgrains. This may be the reason for the very small lattice misorientation within a subgrain as revealed by X-ray analysis in a previous report (1) . The enlarged photographs of the areas marked A and B in Photo. 1 are shown in Photo. 2(a) and (b), respectively. The dislocation arrangement in sub-boundaries is generally very regular and simple as seen in Photo. 2(a). This is also consistent with a suggestion made in the previous paper(1) on the basis of X-ray observations. According to the studies on fatigue-induced substructures in bulk fcc metals and alloys (8), a large number of dislocation loops have been found in the substructure. In Photo. 2(a) and (b), a number of dislocation loops are also observed near sub-boundaries. Many of them are elongated along the <211> direction, indicating that they are dipoles of edge dislocations formed through double-cross gliding of screw dislocations (9) . Moreover many dislocation dipoles entangled with the sub-boundaries are seen in the photographs. Such observations indicate that a large number of screw dislocations arrive at subboundaries through a glide motion and are absorbed into the sub-boundaries(10) during the course of fatigue stressing. X-ray analysis in the previous study(1) has two subgrains at the sub-boundary increases considerably in the neighbourhood of fatigue cracks. This has been considered to be due to the absorption of dislocations into sub-boundaries mentioned above. The present results are fully consistent with those previously obtained by X-ray microbeam technique(1) and by transmission electron microscopy with a usual accelerating voltage (2)(3). Therefore, it is confirmed that the fatigue behavior of the foil specimens used in the present experiments is representative of the one in bulk specimens.
In our previous electron microscope study of aluminium(11), spotty white contrast was often found within strain-concentrating region near fatigue cracks. But it was not possible to clarify the origin of the contrast. A recent observation with a 500 kV electron microscope (12) has shown that the contrast is caused by the voids existing in the strain-concentrating regions. The formation of voids near the tips of fatigue cracks and near fracture surfaces are again shown in Photo. 3 (a)(b) and Photo. 4, respectively. The growth of fatigue cracks due to the coalescences of the voids is strongly suggested in these photographs. The void coalescence has also been demonstrated by performing tensile deformation within the electron microscope. On the other hand, according to a previous electron fractographic observation on aluminium (11), dimple patterns were often found on the fracture surfaces. The result also supports the fatigue crack propagation mechanism suggested above. These voids are abundantly formed in the strainconcentrating regions around fatigue cracks as seen in Photos. 3 and 4. The black contrast of the regions, however, makes it difficult to examine the details of the structure there. As a result, the nucleation site of voids in these regions could not be identified. nected with persistent slip bands which are formed along the traces of the {111} slip plane. In Photo. 8 a slip band cracking . due to the linking-up of these voids is clearly demonstrated. The taper sectioning and etching experiments made by Wood et al. (14) have revealed that surface disturbances extending over a range of several microns below the specimen surface are formed within persistent slip bands. From their experimental results, it has been considered that point defects are generated by continual passage of dislocations along the active slip zones and that voids are formed by their coalescence. These suggestions are directly supported by the present observations described above.
The results of the present electron microscopy are from the stress concentration at the crack tip is called "matrix" hereafter . mens which are transparent easily with 100 kV electron microscopes. This is perhaps due to the fact that most of the vacancies produced during fatigue ran away from the specimen surfaces. Therefore, the void formation reported here in the case of thick foils, the thickness of which was 
Mechanism of void formation
As described so far, the void formation along persistent slip bands and within strain-concentrating regions seems to play a very important role in the nucleation and propagation of fatigue cracks in aluminium. Therefore, the formation mechanism of these voids will be discussed on the basis of the experimental facts.
The void formation in metal crystals has been reported representatively in high temperature creep (15) or in fatigue at elevated temperatures (16) . Two kinds of mechanisms are generally proposed for the void formation. One is a dislocation mechanism that considers the gliding and coalescence of dislocations. The other is a vacancy mechanism taking into consideration of the migration and aggregation of vacancies.
For the nucleation of voids by a dislocation mechanism (17)(18), dislocation pile-up containing a certain number of dislocations are required to assist the coalescence of leading dislocations. The growth of voids due to the absorption of dislocations may occur in the region where a large number of dislocations can move fairly freely (18) . The present experiment clearly showed that voids are formed along sub-boundaries and persistent slip bands, and in strain concentrating regions. However, in these regions the free gliding of dislocations may strongly be disturbed by subboundaries and various lattice defects jamming there. Furthermore, no dislocation pile-ups were observed in these regions. Thus, the dislocation mechanism may tentatively be ruled out. On the other hand, there is a possibility that the stress concentration at the tip of a fatigue crack assists dislocations in overcoming the disturbance due to various lattice defects. Therefore, the contribution of dislocation mechanism cannot be ignored completely at least near the tip of a fatigue crack.
The formation of voids due to the vacancy mechanism is possible to occur if the following two conditions are satisfied: (1) There exists a supersaturation of vacancies and (2) they have an ample diffusivity at least in some localized region. The vacancy concentration necessary for homogeneous nucleation of void equilibrium concentration (19) . On the contrary, heterogeneous nucleation, which is regarded as a more probable mechanism in real materials (20) , requires the excess vacancies of only 1 % of the thermal equilibrium concentration (21) . Assuming the value of 0.75 eV for the energy of vacancy formation in aluminium, the concentration of vacancies in thermal equilibrium also obtained a similar result by electron microscopic observations on fatigued single crystals of copper. It is concluded, therefore, that the excess vacancies necessary for void nucleation do exist near the tip of a fatigue crack even if homogeneous nucleation is assumed.
With respect to the diffusivity of vacancies near the tip of a fatigue crack, the contribution of short-circuit diffusion through dislocation cores can be expected, because an extremely high density of dislocations and other lattice defects exists there. Since the activation energy for pipe diffusion is considered to be about a half of that for lattice diffusiod (24) , the diffusivity of vacancies near the tip of a fatigue crack may be sufficiently large even at room temperature. Short-circuit migration of vacancies along sub-boundaries thus expected may result in the preferred nucleation of voids along sub-boundaries as observed experimentally. In conclusion, it may be safely said that the formation of voids near the tip of a fatigue crack is mainly due to the vacancy mechanism.
Driving force for migration of vacancies near the tip of a fatigue crack
The driving force for migration of vacancies is generally given by the gradient of chemical potential which is represented as the gradients of, for example, concentration and/or temperature. However, the knowledge regarding these gradients near the tip of a fatigue crack is insufficient to treat them in more detail.
Another source of the driving force is the stress gradient. The distribution of stress near the tip of a fatigue crack can be estimated fairly accurately on the basis of mathematical calculations made so far by a number of workers (25) (26) . The mode of alternating stress cycle applied to a specimen in an ordinary pushpull fatigue and the resultant stress distribution near the tip of a fatigue crack are illustrated in Fig. 3(a) and (b), respectively. As seen in the figure, steep gradients of compressive stresses appear near the crack tip during a time interval ranging from t1 to t5, which occupies three quarters of a cycle. On the other hand, it is generally considered that vacancies can relax compressive stress in a crystal. The energy release due to the relaxation may be proportional to the magnitude of the compressive stress. Vacancies in the gradients of compressive stresses shown in Fig. 3(b) may be forced to migrate towards the crack tip to relax higher compressive stresses there. Quantitative evaluation of the driving force due to stress gradient has been reported elsewhere (27) . The result shows that the rate of fatigue crack growth obtained experimentally can be explained fairly well, if the short-circuit diffusion of vacancies is taken into account. Therefore, it is concluded that the stress concentration near the tip of a fatigue crack is very important as a source of the driving force for vacancy migration.
The role of sub-boundaries in the propagation of fatigue cracks
Identifying the paths along which the fatigue cracks propagate is one of the most important factors to determine the mechanism of fatigue crack propagation. Suggestions for sub-boundary cracking have been made by many workers (13) . Direct evidence to support them has been presented(3); An example obtained in the present experiment is already shown in Photo. 6. The nucleation of voids along sub-boundary (Photo. 5) is an important experimental finding, because the linking-up of the voids formed along subboundaries will inevitably result in the sub-boundary cracking. Thus, in the case where the formation of voids is localized along sub-boundaries, they will surely act as a preferred path for fatigue crack propagation. In general, however, voids in the strainconcentrating region are distributed more uniformly. Then, propagation paths of fatigue crack are not necessarily restricted to sub-boundaries.
To ascertain the electron microscopic observations obtained with usual accelerating voltage and to find a clue to the mechanism of fatigue fracture, observations by a 500 kV electron microscope were made on the microstructure formed around fatigue cracks of aluminium.
(1) A well-defined substructure was observed around fatigue cracks. It was found that dislocations in sub-boundaries arrange themselves in a simple and regular manner and that there exist a large number of dislocation loops and dislocation dipoles near the subboundaries. These observations are in good accordance with the X-ray observations reported earlier.
(2) Close by a fatigue crack a strain-concentrating region where many voids are included . was found. This result together with the result (1) confirms the previous results obtained with a 100 kV electron microscope.
(3) Some direct evidence was given for the propagation of fatigue cracks by the growing-up and joiningup processes of the voids formed in the strain-concentrating region.
(4) It was suggested that the formation of void is mainly due to the aggregation of vacancies which are produced near the tip of a fatigue crack, and that the migration of vacancies occur by the short-circuit diffusion along sub-boundaries and other lattice defects existing in the strain-concentrating region.
(5) The driving force due to the stress gradient near the tip of a fatigue crack was suggested for the migration of vacancies towards the crack tip.
